Activation of the transcription factor NF-κB requires degradation of its physiological inhibitor IκBα in order to allow nuclear translocation of NF-kB. NF-κB activity links inflammation and carcinogenesis and makes its signaling pathway an important target for therapeutic intervention. The signal-receiving N-terminal domain (SRD) of the NF-kB inhibitor IκBα harbors the sites of post-translational modifications (Ser32 and 36) directed by the IκB kinase (IKK) complex. The SRD was originally recognized to be highly disordered, but was recently shown to possess stable secondary structural elements. Identifying and characterizing the structural effects that arise as a result of phosphorylation may explain how phosphorylation regulates the IκBα-NF-κB protein complex. Therefore, the effect of posttranslational mono-and double-phosphorylation of the serine residues of the SRD was analyzed. The structural modifications of the IκBα-NF-κB protein-protein complex due to mono-phosphorylation of either Ser32 or Ser36 amino acid residues or simultaneous phosphorylation were investigated by means of molecular dynamics simulations. Monophosphorylation at either Ser32 or Ser36 was not sufficient to induce significant structural changes in the secondary structure of the SRD of IκBα. Double-phosphorylation yielded a reduced distance between the Cα atoms of these serine residues, indicative of a structural change. Only this two-fold phosphorylation induced the extended conformation of the degron motif which renders it accessible by the E3 ligase. In summary, these results provide insight into the conformational changes induced in IκBα proteins upon phosphorylation that are vital to their signaling dynamics and enable us to propose a model for the phosphorylation of the SRD.
Introduction
The cytoplasmic inhibitor IB (nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha) of NF-B ('nuclear factor kappa-light-chain-enhancer' of activated B-cells) was discovered first in 1988 by Baeuerle and Baltimore 1 . The physiological inhibitor of NF-B, IB, is responsible for a systems control of the process of NF-B signaling. Activation of the NF-B pathway is associated with inflammation, stress and developmental processes and immune functions 2, 3 , and its improper regulation results in a variety of disorders including a wide range of cancers, neurodegenerative diseases, asthma, arthritis, inflammatory bowel disease, and multiple sclerosis 4, 5 . The most common inhibitors of NF-B dimers, in addition to IB, are IB, IB, and BCL-3, all of which block the nuclear localization and transcriptional activity of NF-B 6, 7 . All of these inhibitory proteins contain multiples of a repeat structure known as the ankyrin repeat, a canonical 33 amino acid sequence motif that enables protein-protein interactions 6 .
(Scheme 1)
The series of key events, which trigger NF-B activation, have particularly been wellcharacterized. The "canonical" activation pathway of NF-B 8 , which requests degradation of IB (see Scheme 1) , is initiated by the critical step of phosphorylation 9 by the protein IκB kinase (IKK) 10, 11 in response to distinct stimuli such as tumor necrosis factor (TNF) and interleukin 1 (IL-1), T and B cell mitogens, bacterial lipopolysaccharide (LPS), viruses, and double-stranded (ds) RNA [12] [13] [14] . The DNA binding NF-B complex is composed of a heterodimer (RelA and p50) in which RelA carries the transactivation domain (see Figure 1 A). A second NF-B activation pathway has been termed the "non-canonical" pathwaythis pathway entails that processing of the p100 subunit results into the N-terminal DNA-binding protein (p52) and nuclear translocation of the processed p52 and the associated RelB protein. 15 In the "canonical" activation pathway, phosphorylation subsequently marks the signalinduced recognition of IB at sites Ser32 and Ser36 by the F-box/WD40 protein -TrCP 16 , which in turn prompts the ubiquitination of IB N-terminal residues Lys21 or Lys22 by the E3 ubiquitin ligase, SKp1-Cullin-F-box (SCF) [17] [18] [19] [20] . Although phosphorylation of IB precedes its dissociation from NF-B, it is not sufficient and requires additional ubiquitination to enable its dissociation and subsequent degradation 21 . Other data suggest that timely and efficient degradation of ubiquitinated IκBα takes place directly when still associated with RelA 22 . Further, timely and efficient liberation of RelA from ubiquitinated IκBα and RelA nuclear translocation, essentially depends on the presence of functional p97/VCP.
(Figure 1)
Amino acid substitutions of the two adjacent potential ubiquitination sites in the Nterminus of IκBα (Lys21 and Lys22) almost completely block the rapid, signal-induced degradation of the mutant protein, while they do not interfere with kinase-induced phosphorylation 19, 23 .
Following these events, IB is degraded by the 26S proteasome as a final step in this signaling cascade potentiating the translocation of NF-B into the nucleus. The ubiquitin E3 ligase only recognizes a double-phosphorylated IB through a well-known recognition sequence, the degron motif 24 , fairly conserved among IB inhibitors and the signaltransducing protein -catenin (Figure 1 B) 25 . The degron sequence is contained within the signal receiving domain (SRD) in the N-terminus of IB, adjacent to the ankyrin repeat region (Figure 1 C) . Composed of residues DSGXS, with  denoting a hydrophobic residue and X any residue, the degron motif contains the vital phosphorylation sites, namely serine residues Ser32 and Ser36. Mutation of either residue disrupted polyubiquitination of IB and abolished the stimulus-induced degradation of IB, thereby requiring the strict phosphorylation of both serine residues as a recognition and initial step in NF-B activation 21, [26] [27] [28] [29] [30] .
In our approach to unravel the molecular basis of NF-κB signaling by multiscale molecular simulations, we initially refined the previously annotated "disordered" SRD of IκBα to be structured with additional helical secondary structure elements based on a consensus of multiple secondary structure element predictions and their stability in long molecular dynamics (MD) simulation for free IκBα and when in complex with NF-κB 31 . We constructed a structural model of full length IB by modeling the missing N-terminal segment in the only in part available crystal structure of the IB/NF-B complex (Figure 1 A) 31 . By performing microsecond MD simulations, we investigated the dynamic properties of the unphosphorylated IB both in its free and NF-κB-bound states. These findings provide the starting platform for investigating and understanding the mechanism of phosphorylation in IB by IKK and the effect of single and double phosphorylation by IKK. To paint a complete picture of how phosphorylation guides and regulates protein function, the rub lies in understanding the molecular basis of this phenomenon. With phosphorylation being the most well-studied posttranslational modification, computational simulation methods on the atomistic scale have proven valuable in offering explanations of the structural basis of protein regulation by phosphorylation in addition to complementing experimental studies [32] [33] [34] .
The crystal structure of the -TrCP/-catenin complex has revealed the basis of substrate recognition by the WD40 domain in -TrCP and shed light on the intimate interaction between degron motif containing substrates and the SCF ubiquitin ligase 35 . Of similar interest would be the interactions between -TrCP and the phosphorylated IB; however prior to this, the subject of interest is the structural rearrangement triggered by phosphorylation of the SRD in the ankyrin repeat protein which drives the recognition mechanism by the SCF complex. To this end, we have in this study examined the role of mono-and double-phosphorylation by probing into the structural effects that it induces on IB bound to its partner, NF-B. By applying multiple MD simulations of 500 ns each, phosphorylation of Ser32 and Ser36 of IB in complex with NF-B, both in their doubleand mono-states of phosphorylation were studied. Our study identified a partially more stable region locally by the site of phosphorylation in the double-phosphorylated IB. Moreover, double-phosphorylation induced a rather extended conformation in the vicinity of the phosphorylation site as compared to a more bent shape observed in the unphosphorylated state. The mono-phosphorylated states each fell into an intermediary state between the unphosphorylated and the double-phosphorylated states, partially initiating this structural transition. In addition, distinct variations between pSer32 and pSer36 were observed. pSer32 emerged as the more solvent exposed residue, slightly burying Ser36 and inducing formation of a new hydrogen bond pattern stabilizing the N-terminal tail and the region closest to pSer36. Our findings also revealed a more pronounced electrostatic effect upon doublephosphorylation, which induces structural rearrangements that change the surface charge potential and create a greater acidic environment around the phosphorylation site. Overall, our findings explain the prerequisite for double-phosphorylation on a detailed molecular level and offer an insight into the structural rearrangements that take place, hence laying the ground work into future studies of IB/-TrCP recognition and binding mode.
Materials and Methods

Structural model of IB/NF-B
The model of the full-length IB/NF-B complex was obtained as described in a previous study 31 containing the complete signal receiving domain (SRD; residues 1-67) of IB and the ankyrin repeat domain (ARD; 68-280), thereby providing a suitable working model to investigate the phosphorylation in the SRD region of IB. A model of a doublephosphorylated simulation system is presented in Figure 1 A.
Molecular simulation setup
The well-equilibrated structural model of the unphosphorylated IB/NF-B complex 31 was used as an initial structure for the simulations. To investigate the role of phosphorylation, four distinct system setups were constructed: an unphosphorylated (nIB) system, two mono-phosphorylated complexes where either of serines 32 (p32IB) or 36 (p36IB) were post-translationally modified into phosphoserines, and a double-phosphorylated system (ppIB) in which serine residues 32 and 36 were both transformed into phosphoserines simultaneously. The phosphoserine mutations were introduced with PyMol 36 . The simulations were carried out with Gromacs 4.5 37 with the modified GROMOS96 43a1p force field 38 containing the parameters for phosphoserine. This force field was shown to give a balanced description of secondary structural elements without any bias or preference 39, 40 . A time step of 2 fs was used. The LINCS algorithm 41 was applied for constraining bond lengths. Electrostatic interactions were calculated with the Particle-Mesh Ewald algorithm at every step 42 . A 1.0 nm cutoff was used both for electrostatics and van der Waals interactions, with neighborlists updated every 10 steps. The simulations were performed at constant pressure of 1.0 bar with Parrinello-Rahman pressure coupling 43 and the isotropic pressure scaling, time constant of 1.0 ps, and a system compressibility of 4.5e-5 bar -1 . The temperature of the system was coupled to 300 K using the velocity-rescaling algorithm 44 . The nIB system containing 6945 protein atoms was solvated with 31,361 SPC water molecules, 218 out of which were replaced with 122 sodium and 96 chloride ions to neutralize the total net system charge and obtain a physiological salt concentration of 0.15 M. The total number of atoms in the wild-type system reached 100,226 all of which were placed in a rectangular cell of an approximate system size of 9.4 x 8.0 x 13.7 nm 3 . For the post-translationally modified systems, sodium ions were replaced with corresponding number of water molecules to maintain a neutralized system charge depending on the phosphorylation state of the systems.
The systems were energy minimized with steepest descent until the maximum force reached < 100 kJ/mol/nm and were subsequently equilibrated for 100 ps while keeping the protein position restrained (F c = 1000 kJ/mol/nm 2 ). Eventually, all position restraints were removed and the production runs were performed for 500 ns each. Three independent replicates of each system were simulated, each starting with different initial velocities, amounting to a total simulation time of 6 s, thus allowing a thorough exploration of the extensive conformational space.
Results
In order to study the effects of phosphorylation of Ser32 and Ser36 located on the SRD of IB, we carried out MD simulations of the unphosphorylated and the doublephosphorylated IB in complex with the transcription factor NF-B. To further characterize the solitary roles of mono-phosphorylation of Ser32 and Ser36, two additional monophosphorylated systems were studied and compared with the unphosphorylated and the double-phosphorylated IB/NF-B complex. The reported results are based on an average finding of the three independent replicate runs of each system, which were simulated for 500 ns each.
Local divergence in structural stability promoted by double-phosphorylation
The degree of flexibility of the protein can be evaluated by measuring the backbone atom root mean square fluctuation (RMSF) around the initial structure. The stretch of residues, IB [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , encompassing the sites of phosphorylation Ser32 and Ser36 as shown in Figure 2 A, reveal a difference in flexibility between the unphosphorylated and the doublephosphorylated system. For each system, the trajectories were individually averaged and we give the average RMSF with the standard error. For the unphosphorylated system, IB [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] displays an average RMSF of 1.35 ± 0.2 Å, in contrast to a lower RMSF of 1.08 ± 0.1 Å for the double-phosphorylated system (Figure 2 B ).
(Figure 2)
In the mono-phosphorylated systems, a lower RMSF is observed between that of the unphosphorylated and double-phosphorylated systems (p32 1.21 ± 0.2 Å and p36 1.07 ± 0.1 Å). The results for the individual trajectories can be found in the Supporting Information (Table S1 and Figure S1 ). However, the RMSF curves for the mono-phosphorylated systems remain rather varied across the segment, resembling much that of the unphosphorylated system as evident from Figure S1 shows the RMSD plots for all three replicate runs for all three phosphorylation states). Overall, the IB/NF-κB complex simulations remain stable throughout all states.
Double-phosphorylation induces a local N-terminal conformational change in the SRD
To further characterize the induced structural variation due to the two-fold phosphorylation, we measured the C-C distance between Ser32 and Ser36 plotted against time (Figure 3 A) .
By mapping the time evolution of the main-chain Cα distances between these residues, we investigate the structural effect of mono-phosphorylated pSer32/nSer36, nSer32/pSer36 and double-phosphorylated pSer32/pSer36 in detail, and compare with the unphosphorylated nSer32/nSer36 system.
(Figure 3)
A difference in the Ser32 C -Ser36 C distances could be observed for the unphosphorylated and the double-phosphorylated complexes. In the double phosphorylated state, the C-C distance increases gradually in the first 30 ns of the simulation, after which it reaches a distance of 13 Å and maintains it throughout the rest of the simulation. In contrast, the C-C distance in the unphosphorylated state drops sharply down to 9 Å in about 30 ns and sustains this distance at about 9-10 Å for the remaining of the 500 ns simulation duration averaged over three independent simulation runs. In both of the monophosphorylated systems, the C-C distance fluctuates between 9-12 Å in the initial 300 ns of the simulation, however, into the final 200 ns both systems keep a rather constant distance at approximately 12 Å. This shows that the two-fold phosphorylation has a larger effect than mono-phosphorylation of either Ser32 or Ser36 residues but that the structural effect is not additive (C-C distance plots for each of the trajectories can be found in Figure S3 ). These observations are reflected clearly in Figure 3 B that displays the average distances for the different systems. With an average Ser32 C -Ser36 C distance of 9.4 Å and 12.8 Å in the unphosphorylated and double-phosphorylated states, respectively, double phosphorylation leads to an increase of 3.4 Å in this C-C distance between the two sites of phosphorylation.
This variation in the Ser32 C -Ser36 C distance between the unphosphorylated and the doublephosphorylated states is inherent in the structural conformation of the phosphorylation region. The representative conformations of a stretch of residues 31 to 37 in the unphosphorylated (Figure 3 C) and the double-phosphorylated (Figure 3 D) complexes, clearly show a region with a defined bend in between the sites of phosphorylation in the unphosphorylated system, and a slightly more extended structure is revealed upon two-fold phosphorylation.
Variation in solvent exposure in Ser32 and Ser36
The impact of phosphorylation on sites Ser32 and Ser36 can be assessed by calculating the relative solvent accessible surface area (SASA) of the individual serine residues.
(Figure 4)
As evident from Figure 4 A, in the unphosphorylated complex, both Ser32 and Ser36 remain surface exposed (staying above a threshold of 20 %), with Ser36 displaying a marginal fluctuation around a relative SASA of 40%. 31 Intriguing are also the structural observations of the effect of phosphorylation relative to the unphosphorylated state. Monophosphorylation of pSer32 sets in motion structural rearrangements, which in turn induce a partial burial of Ser36 as shown in Figure 4 C. However, the mono-phosphorylation of pSer36 triggers first the increase of the relative SASA of pSer32 as compared to the unphosphorylated structure, and second, it allows a higher surface exposure of pSer36, even higher than the pSer36 relative SASA in the double-phosphorylated state (Figure 4 B) . In clear contrast to the unphosphorylated state, double-phosphorylation leads to a striking difference in the relative SASA between pSer32 and pSer36 (Figure 4 D) . Upon phosphorylation, pSer36 maintains its relative SASA of 40 %, suggesting a partial burial of this residue. However, pSer32 maintains a highly exposed configuration with a relative SASA of 70 % during a larger part of the simulation, allowing the potential for a wide range of interactions (Figure S4 A) . These observations are suggestive of the distinctive roles that pSer32 and pSer36 could play upon phosphorylation: a rather exposed pSer32 which extends beyond the surface of the protein to act as an anchoring point and engage in inter-protein interactions, and a comparatively less exposed pSer36 that could contribute to key-specific intra-protein interactions.
Variation in solvent exposure, due to phosphorylation in the vicinity of the sites of phosphorylation, has been mapped for individual residues in segment IB as displayed in Figure S4 B . The relative SASA of the residues located in between Ser32 and Ser36 remains unchanged except for Leu34. With its hydrophobic nature conserved in the degron motif and known to make interactions with -TrCP 35 , Leu34 becomes partly surface exposed in the double-phosphorylated state from having been rather buried in its natural state. Further, the ubiquitination site Lys21, which is relatively buried in its natural state, increases its surface exposure upon double phosphorylation and thus its accessibility for ubiquitination.
The absolute SASA for the four states of phosphorylation can be found in the Supplementary Information (Figures S5 and S6) .
Double-phosphorylation stabilizes region by novel hydrogen bond interactions
The conformational differences caused by phosphorylation may be accounted for by a new hydrogen bond formation pattern in the double-phosphorylated complex. Based on our simulations, out of the two phosphorylation sites, it is in particular pSer36 that contributes to establishing newly formed interactions.
(Figure 5)
Residues Met1 and Gln3 located at the tip of the N-terminal shift away from pSer32 and closer to pSer36 and form unique hydrogen bonds: The backbone amide of Met1 interacts with the phosphate group of pSer36, whereas both the backbone and side chain amides of Gln3 form hydrogen bonds with the backbone carbonyl group of pSer36; these shifts together with other local conformational changes lead to the stabilization of the N-terminal tail and concomitant other regional changes in the structure of IB (Figure 5 A) . Additional residues that form additional hydrogen bonds in the vicinity of the phosphorylation site are Asp35/Gln44 (Figure 5 B) and Met37/Glu43 (Figure 5 C) . The backbone carbonyl of Asp35 engages in a hydrogen bond interaction with the side chain amide of Gln44, and the backbone amide of Met37 forms a similar interaction with the side chain carboxyl group of Glu43.
Interestingly, Asp35 and Met37 both enclose the pSer36 phosphorylation site, and the adjoining residues Glu43 and Gln44 are localized on the third -helix in the SRD of IB.
The relevant hydrogen bonds formed between donor and acceptor are given in Table 1 together with their time of persistence during the simulation runs.
Hydrogen bond formation details for different donor and acceptor atoms are given in the Supplementary Information (Table S3 ).
(Table 1)
The formation of additional interactions present only in the double-phosphorylated and absent in the unphosphorylated states is in agreement with experimental findings from Pons 45 who identified intramolecular hydrogen bonds in a truncated 24 peptide segment IB bound to β-TrCP. In the complex, intramolecular hydrogen bonds involving residues Arg24-Asp31 and Met37-Gln44 stabilized the peptide conformation (see below). These findings emphasize the role that phosphorylation possesses in establishing intramolecular stability and order in the region, as reflected previously in the lower RMSF exhibited by the doublephosphorylated state. Specifically, it appears that phosphorylation of Ser36 is the principal contributor to this effect.
Electrostatic effects
Part of the effects of phosphorylation may be explained by differences in the electrostatic potential surrounding the site of phosphorylation. The degron motif in IB [31] [32] [33] [34] [35] [36] holds the sequence of residues DSGLDS, which encompasses the integral site of phosphorylation Ser32 and Ser36, each of which are preceded by an acidic residue, aspartic acid. The electrostatic potential of this region is illustrated in Figure 6 , with red colored surface correlated with potentials of -10 kT/e and blue colored surface correlating with potentials of +10 kT/e calculated using APBS. 46
(Figure 6)
In the unphosphorylated state (Figure 6 A) , the negative potential patches at or near the protein surface surrounding the sites of phosphorylation are fostered by the presence of strong acidic residues, namely Asp27, Asp28, Asp31 in the -helical region preceding Ser32 and residues Asp39, Glu40, Glu41, Glu43 that are localized on the loop segment following Ser36 31 . In the double-phosphorylated state, the previously negatively charged patch grows even stronger covering a more extended part of the protein surface (Figure 6 D) . The introduced negative charges upon phosphorylation, jointly with induced structural rearrangements alter the distribution of surface charge potential in a visible manner creating an even more pronounced negatively charged protein surface (see also Figure S7 ). The mono-phosphorylated states, as displayed by Figure 6 B and C, do not exhibit the same electrostatic effects as their double-phosphorylated counterpart. Since doublephosphorylation is a prerequisite for -TrCP binding, the electrostatic surface potential of the binding area of -TrCP is shown (Figure 6 E) . The surface potential of the top narrow part of the channel being the binding surface reveals an extensive positive blue colored patch indicative of a basic environment. The electrostatic complementarity of doublephosphorylated IB and -TrCP protein surfaces may be the critical recognition mechanism to initiate the formation of the tertiary protein complex.
Discussion
Phosphorylation is the most prevalent post-translational mechanism regulating protein function throughout the cell. Protein kinases carry out phosphorylation by modifying existing serine, threonine or tyrosine side chains with the addition of a phosphate group. At physiologically relevant pH, a phosphate group usually carries a -2 charge. Introducing such a negative charge often leads to electrostatic perturbations directly affecting protein energy landscapes, which exercise control over protein-protein interactions and conformational dynamics 47 . As with many other cellular functions, it is challenging to derive an atomic-level understanding of how phosphorylation alters protein structure and function. Computational methods, such as all atomistic MD simulations, are a major contributor in filling this knowledge-gap and throwing light on the structural changes upon protein phosphorylation (as reviewed in 47 ).
Many experimental studies on the importance of IB phosphorylation have been done in the past 21, [26] [27] [28] [29] [30] . Yet little is known about the molecular details which render this posttranslational modification indispensable for recognition by the SCF complex. With MD simulations, we were able to characterize local structural aspects induced by phosphorylation of Ser32 and Ser36. Although no striking differences were observed in secondary structure elements upon phosphorylation, aspects of local stability, in the progression of disorder to order surrounding the sites of phosphorylation were evidenced. Double-phosphorylation leading to the uniform ordering of the segment IB [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] was brought forth by the stabilization of residues preceding the initial phosphorylation site and succeeding the second phosphorylation site, namely residues 28-38. Moreover, increased N-terminal stabilization induced by forming hydrogen bond interactions with the phosphorylation site was another direct effect of double-phosphorylation. In contrast, the unphosphorylated IB experienced a more variable structural stability across this region. Post-translational phosphorylation has often previously been associated with sparking both ordering and disordering in proteins. For the degron of IκBα in complex with NF-B we observe an ordering effect upon phosphorylation which was also observed for MD simulations of myosin. 48 The effect of phosphorylation in proteins can be manifold. This PTM can induce conformational changes, promote order-disorder transitions and modulate recognition via electrostatic interactions with binding partners. Groban et al. 34 described the use of MD simulations to map loop or helices induced by phosphorylation. They concluded that the induced changes are local in nature, limited to relatively modest conformational changes and not, e.g., more drastic order-disorder transitions.
A Monte Carlo/Stochastic Dynamics simulations study revealed how electrostatic interactions navigated the stabilization of a helical conformation at the N-terminus upon phosphorylation in model peptides consisting of a serine in the N-terminus followed by nine alanines 49 . Likewise, phosphorylation of the phenylalanine hydroxylase (hPAH) lead to an increase in stability of the N-terminal tail through local conformational changes as a result of electrostatic interactions 50 . Car-Parrinello simulations showed that phosphorylation of the CREB-CBP complex resulted in an increased stability of the complex by forming a new hydrogen bond interaction 51 . In another study employing molecular mechanics-based methods on kinases and prokaryotic response regulators, local conformational changes specific to areas in close proximity to the phosphorylated amino acid were observed 34 .
Structural transitions between order and disorder induced by phosphorylation have also been mapped by previous experimental work. An order-to-disorder transition of a helix containing a phosphorylated serine was documented for the oncoprotein 18/stathmin (Op18) 52 , in contrast to a disorder-to-order adaptation of the protein kinase B/Akt which experiences disruption of the C-helix causing a global restructuring of the protein upon phosphorylation. 53 Our unphosphorylated state simulations indicate a weakly bent shape between the two serine residues. However, an impact of double-phosphorylation was the structural reconfiguration of the segment connecting the phosphoserines resulting in an extended conformation and verified by a larger Ser32 C -Ser36 C distance. A possible explanation is the electrostatic repulsion by the two negatively charged phosphorylated side chain serine residues in the stretch DpS 32 GLDpS 36 which are only 3 amino acids apart. The presence of additional negatively charged aspartate residues D 31 and D 35 immediately preceding the serine residues also may contribute to this effect.
Pons et al. 45 investigated a truncated 24 amino acid peptide ppIB by NMR in free solution and in complex with β-TrCP. The segment was doubly phosphorylated at Ser32 and Ser36 to mimic the SRD of IκBα. In solution they observed that the free peptide behaves like a random coil with repulsion between the two phosphate groups and the tendency to form a large bend. This situation is non-physiological since ppIκBα does not exist in solution and when in complex with NF-κB would immediately attract the E3 ubiquitin ligase SCF and cannot be compared to our simulations. In the presence of β-TrCP, however, 24 ppIκBα adopts a well-defined three-dimensional structure consisting of a central bend from residues 29 to 37. This is in agreement with our MD simulations which showed the decrease of atomic fluctuations and RMSD in the doubly phosphorylated state and formation of a more ordered state. Our calculated phosphate group distance between pSer32 and pSer36 is 15.27 ± 0.27 Å which is in excellent agreement with the 15.5 Å observed in the NMR structures. 45 A distinct pattern of conduct of the phosphorylated serine residues, revealed by the simulations, is indicative of the individual roles played by each serine residue. We propose that phosphorylation is commenced at site Ser36, which in turn increases the solvent surface exposure of Ser32 increasing its accessibility to the kinase IKK, although partially burying pSer36 (Scheme 2).
(Scheme 2)
This relative partial burial of pSer36 leads to a new hydrogen bond network stabilizing the Nterminal segment of IB and the region proximal to the pSer36 phosphorylation site. With pSer36 contributing to local structural stability of the protein, pSer32 with a relatively large SASA is able to interact freely with -TrCP. This view is supported by the resolved crystal structure of the bound -TrCP to -catenin showing how pSer33 (homologous to pSer32 in IB) is the residue that makes the largest number of contacts with -TrCP, that is residues Tyr271, Ser309, Ser325 and Arg285, while pSer37 (homologous to pSer36 in IB) forms comparatively fewer interactions with residues Ser448, Gly432 and Arg431 (Figure 6 E) 35 .
These residues are located on the rim at opposite sides of the channel. Moreover, molecular docking data of a phosphorylated 11 amino acid IB peptide bound to -TrCP demonstrated that pSer32 establishes the same interactions as -catenin 54 .
Long-range electrostatic effects are a major determinant of protein-protein recognition and association. The electrostatic complementarity of protein surfaces was identified to be a major regulator of protein-protein complex formation, see for example [55] [56] [57] . Post-translational introduction of phosphate groups carrying a double negative charge by IKK enhances the negative electrostatic potential in the double-phosphorylated state of IκBα, an effect remarkably different from the unphosphorylated and the mono-phosphorylated states. The elicited negatively charged protein environment adjacent to the phosphorylation sites is also of critical importance in the recognition by the -TrCP SCF complex.
Conclusion
We performed full atomistic MD simulations for a total of 6 μs on unphosphorylated, the two mono-phosphorylated and a double-phosphorylated IκBα protein in complex with NF-κB.
We were able to find support for a sequential two-step phosphorylation by IKK. In the unphosphorylated nIκBα, Ser36 displays a larger solvent accessibility and probably is the first site of phosphorylation by IKK. pSer36 leads to a stabilization of the conformation of the N-terminal region and renders Ser32 to interact with the kinase and thus become posttranslationally modifiable. The two-fold phosphorylation induces a disorder-to-order transition of the degron and exposes pSer32 and pSer36 to be recognizable by binding partners. In the double-phosphorylated form, ppIκBα, pSer32 is the major site of interaction with -TrCP. This is in agreement with experimental studies, which showed that when either Ser32 or Ser36 of IκBα was mutated, the protein was not phosphorylated and did not undergo degradation, and NF-κB could not be activated. 27 In addition, the Ser32A/Ser36A double mutant of IκBα was neither phosphorylated nor degraded in response to signal induction and failed to undergo inducible ubiquitination in vivo. We can conclude that pSer32/pSer36 double-phosphorylation does not directly lead to a dissociation of the IκBα/NF-κB complex but initiates a conformational change of the degron to enable binding to -TrCP which then initiates ubiquitination of the IB N-terminal residues Lys21 or Lys22 by the E3 ubiquitin ligase, SCF. Thus, signal-induced activation of NF-κB involves phosphorylation-dependent ubiquitination of IκBα, which subsequently targets the protein for rapid degradation by the proteasome and releases NF-κB for translocation to the nucleus, see for example 58 . This will be the topic of further investigations of the molecular systems biology in the signal transduction pathway of IκBα signaling. 
